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ABSTRACT

Mesoporous silicas were used as hosts for fabrication of nanostructured metals. Due to

the confinement effect, densely packed metal nanowire bundles and nano-networks or highly

dispersed metal nanoparticles were prepared inside the channels of mesoporous silicas by metal

incorporation/reduction processes. The structure of nanostructured metals was analyzed by

TEM and PXRD, and the composition was investigated by ICP-AES, EDX and EELS.

INTRODUCTION

Metal nanostructures have attracted growing interests recently, because of their unique

physical and chemical properties of low dimensionality [1-3]. They could be synthesized

within the confined space of a host material. For example, one-dimensional metal nanowire

arrays have been synthesized in anodic alumina membrane with diameter of 13-100 nm [1-2,4-5].

To prepare metal nanostructures with even smaller size, ordered mesoporous silicas (e.g.

MCM-41, MCM-48, SBA-15) with uniform pore diameters (1.5-30 nm) and tunable pore

structures are considered to be promising hosts [6-8].

One advantage of mesoporous silica over other templates is the feasibility of modification

of the pore walls to have desired properties [9-11]. In this report, we show that various metal

nanostructures can be synthesized in the mesoporous silica hosts by following the process shown

in figure 1. Preparations of various metal nanostructures including densely packed metal

nanowire bundles and nano-networks or highly dispersed metal nanoparticles are demonstrated.

Their structures as well as compositions were analyzed.
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Figure 1. Schematic representation of fabrication of metal nanostructures in MCM-41.

EXPERIMENTAL

Siliceous MCM-41 with one-dimensional channels and hexagonal symmetry as well as

MCM-48 with bicontinuous channels and cubic symmetry were synthesized according to sorne

known procedures [12-131. The organic templates were removed by calcination at 813 K for 6

hours in airflow. Ionic metal precursors were incorporated on the intrachannel surface of

calcined and modified mesoporous silica, and were then reduced to form metal/ silica composites

in hydrogen flow at 373-573 K.

The pore diameter and the pore volume of calcined MCM-41 and MCM-48 were

determined by Barrett-Joyner-Halenda (BJH) method from nitrogen sorption isotherm. The

powder X-ray diffraction (PXRD) was performed to determine the structure and the periodicity

of the pores in host silicas. The pore wall thickness can be deduced from the pore diameter in

combination with PXRD analysis. The metal content in the reduced metal/silica composite was

mainly determined by inductively coupled plasma (ICP) analysis. The peak widths of PXRD of

nanostructured metals were used to estimate the average crystalline domain size of the metal in

the composite by a spherical model and Scherrer's equation. The data was compared with the

images friom transmission electron microscope (TEM). Energy-dispersive X-ray (EDX)

analysis as well as Electron energy loss spectroscopy (EELS) were also performed for

compositional studies.
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RESULTS AND DISCUSSION

The Pt content of Pt/MCM-41 composite was -40 wt% as determined by ICP analysis.

The PXRD pattern of the composite indicates the existence of both the hexagonal structure of

MCM-41 (small-angle region) and face-centered cubic structure of Pt metal (wide-angle region).

Figure 2 shows the TEM images of the composite, which indicate that almost all the channels of

MCM-41 were filled with Pt, resulting in densely packed Pt nanowire bundles with

quasi-hexagonal symmetry. Few discrete Pt particles were found inside the MCM-41 due to the

collapse and defects of MCM-41 formed during calcination. The diameters of Pt nanowires

were uniform in size (2.1 nm), as determined by PXRD and TEM, smaller than the pore diameter

of MCM-41 (2.4 nm). The lengths of Pt nanowires were several hundred nanometers in

average as estimated from TEM images, occupying about 40-70% of the channel length of

MCM-41 as calculated from nitrogen sorption isotherm. The aspect ratio of these nanowires

was generally over 100. EDX analysis of the nanowire region of Pt/MCM-41 composite

revealed the Pt to Si ratio of 0.5, consisting with the result of ICP analysis. The TEM images of

ultra-microtomed composites suggest that the Pt nanowires may have preferred direction of

growth in the channels of MCM-4 1.

Alternatively, MCM-48 was used to incorporate Pt to form metal nano-networks. The

"•;i~i
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Figure 2. TEM images of Pt/MCM-41 composite perpendicular (a) and along (b) the

hexagonal axis of MCM-41.
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Pt/MCM-48 composite was filled in a capillary tube for PXRD measurements. Fig. 3a shows

the PXRD ring pattern of the composite. Each diffraction ring of Pt is broad and weak in

intensity, with no discernable diffraction spots in the rings. This suggests that most of Pt metals

were small in size and stayed in the pores of MCM-48 after reduction. It may be due to the

tortuous nature of the host MCM-48, preventing further ordered stacking in the confined space.

The TEM image of Pt/MCM-48 (figure 3b) shows that all MCM-48 particles were filled with Pt

metals, and the Pt nano-networks were densely packed inside the host MCM-48. The images of

Pt nano-networks reflect the structure of the pore system of MCM-48 (inset of figure 3b) with

la3d symmetry. EDX analysis revealed Pt to Si ratio similar with that of Pt/MCM-41.

Because the channels of MCM-48 are bicontinuous and connected, unsupported Pt nanowire

networks could be obtained after removal of the silica template by HF solution.

The same protocol can also be used to prepare other metal nanostructures. For example,

palladium nanowires bundles in MCM-41 as well as gold nano-networks in MCM-48 can be

prepared. In addition, our strategy to fabricate densely packed metal nanostructures can be

applied to synthesize metal nanoparticles in mesoporous silicas. Uniform sized and highly

dispersed Pt nanoparticles were formed in the channels of MCM-41 by controlling the loading

amount of metal precursors. The Pt loading was determined by ICP analysis to be 3-I1 wt%,

depending on the metal loading. The supported and uniform Pt nanoparticles in MCM-41 with

controlled metal loading and morphology may be useful in catalysis. By in-situ TEM

a) b)
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Figure 3. (a) PXRD ring pattern of Pt/MCM-48 composite. (b) TEM image of

ultramicrotomed Pt/MCM-48 composite. The inset shows the thin edge of the composite.
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Figure 4. In-situ TEM images of Pt/MCM-41 composite at room temperature (a), 200°C (b)

and 600'C (c).

investigation under 10 mbar hydrogen atmosphere, Pt nanoparticles formed after hydrogen

reduction at 200'C were found to be extremely stable in the confined channels. No relative

movements to the host silica were observed even after heating to 600°C (figure 4). EELS

analysis showed the existence of platinum as well as trace of carbon in the composite. The

unusual thermal stability of Pt nanoparticles in MCM-41 may be attributed to the host

confinement effect as well as the interaction of Pt with the silica walls.

CONCLUSIONS

In summary, the formation of metal nanostructures in mesoporous silicas has been

demonstrated. The structural analyses confirm the nanocrystalline nature of the densely packed

metal wire bundles and networks as well as highly dispersed metal particles. Highly dispersed

Pt nanoparticles were found to have very good thermal stability inside the confined space of

MCM-41.
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